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INTRODUCTION 
Laser-based ultra sound (LBU) has a number of distinct advantages compared 
with conventional contact piezoelectric transducer systems. The LBU technique is 
noncontacting and the laser beams conform to the part surface so that couplant 
nonuniformities and the need for maintaining normality to, and fixed distance from, the 
part are eliminated. The LBU technique thus potentially allows rapid, and close to 
100%, inspections of complexly contoured surfaces. Various laser techniques used to 
generate and receive ultrasonic waves have been reviewed by several authors [1-2]. 
While the generation and detection procedures employed by LBU are distinctly different 
from systems employing piezoelectric transducers, once ultrasound is generated by a 
laser, it propagates into a material and interacts with defects in precisely the same way. 
Thus, laser-based ultrasound can provide inspection resolution comparable to that which 
can be obtained using commercially available ultrasonic squirter systems, which require 
water coupling to the part. 
To fully realize the high-speed scanning capabilities of a same side laser-in/laser-
out inspection system, the laser beams must be deflected across the part surface, as 
depicted in Fig. 1. In addition to rapid inspection, a need exists far inspecting curved 
and complexly shaped parts. In contrast to an LBU system scanning flat parts with a 
normal angle of incidence, inspection of curved parts (ar flat parts via angular deflection 
of the laser beams) dictates that the probe laser angle of incidence is variable, with the 
extent of the angular variation depending on part geometry. Generally, laser light inci-
dent on a rough surface will be scattered diffusely into a large solid angle with a large 
amplitude specular reflection superimposed along the angle of reflection. The relative 
distribution of the specularly and diffusely reflected wavefields is a function of surface 
texture. This results in an LBU system sensitivity variation that is directly dependent on 
the angular reflectivity properties of the material being inspected. 
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Fig. 1 Laser-based ultrasound system concept for rapid inspection of contoured 
composite parts. 
In this paper, results from a comparison of the LBU system with a conventional 
immersion technique are presented, for inspection of flat composite panels. To inves-
tigate the feasibility of inspecting curved components, the angular reflectivity character-
istics for materials having different surface textures and coatings applied have been 
determined. Also, the laser damage threshold for composite materials is addressed. 
Since the ultrasonic generation efficiency depends on the amount of laser energy incident 
at the material surface, this study enables the detectability of ultrasonic waves to be 
maximized while a nondestructive mode of inspection is retained. 
INSPECfION OF FLA T COMPOSlTE COMPONENTS 
A system has been developed for nondestructively inspecting composite struc-
tures for defects, using lasers to both generate and detect ultrasound [3,4]. The system 
inc1udes a Q-switched Nd:YAG laser for ultrasonic wave generation, and a CW argon-
ion laser, used in conjunction with a spherical Fabry-Perot interferometer (SFPI), for 
detection of ultra sound. The system is used routinely to perform both transmission and 
reflection mode C-scans of composite materials and the results have been compared with 
those obtained by conventional immersion techniques. The images in Fig. 2 were ob-
tained for through-transmission inspection of a flat graphite/epoxy panel which contained 
impact damage. Under computer control, the panel was mechanically transported, in two 
dimensions, between the generator and receiver. Acquisition of the data for the laser-in/ 
laser-out image of Fig. 2b incorporated a real-time signal processing technique [4] to 
compensate for iocal surface reflectivity variations at the probe spot location and hence 
"scanning noise" was suppressed. Both images represent a scan area of 50 mm x 50 mm 
with a 0.5 mm2 pixel size. The grey-scale was selected such that the black regions 
indicate the absence of an ultrasonic signal, which in transmission mode corresponds to a 
defect region. The spatial characteristics of the impacted region detected by the two 
detectors are consistent. 
In many applications limited access to the part requires that inspection be per-
formed from one side. Reflection mode C-scan images of the impacted graphite/epoxy 
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Fig. 2 Two through-transmission ultrasonic C-scan images of a graphite 
epoxy panel containing impact damage. The images permit a com-
parison between the results obtained with (a) a piezoelectric detector 
and (b) the laser-based ultrasound system. 
panel have also been acquired with the laser-inllaser-out system and the results were 
again compared with a conventional immersion technique. The reflection mode C-scans 
obtained with the two systems are presented in Fig. 3. Again, the same spatial features 
are present in both images with comparable resolution demonstrating good agreement 
between the two techniques. In addition, the acquisition of the ultrasonic data in reflec-
tion mode yielded additional information pertaining to the flaw characteristics, and five 
separate regions of delamination are visible. 
ANGULAR REFLECTIVITY MEASUREMENTS 
To successfully implement an LBU scanning system incorporating angularly 
deflected laser beams, the optical power backscattered from the part surface, and re-
ceived at the output photodetector of the SFPI, must be sufficient to permit detection of 
ultrasonic signals. To determine the extent of signal-to-noise ratio (SNR) variations, 
angular reflectivity measurements were made for a number of specimens having different 
surface textures and coatings applied to the surface. The data were acquired using the 
experimental configuration shown in Fig. 4, where the test part was rotated through an 
angle, <», to emulate conditions arising from using an angularly scanned probe laser 
beam. The optical power retroreflected along the incident probe laser beam path and 
detected at the output of the SFPI was measured as a function of probe laser angle of 
incidence. The data acquired from these studies, also shown in Fig. 4, indicate that most 
materials tested exhibited a large amplitude on-axis specular reflection. Off-axis, the 
optical power received from the diffuse component decreased at differing rates depend-
ing on the material surface condition. The dashed line in the graph represents the ultra-
sonic signal detectability level, defined as the optical power level at which the longitudi-
nal wave was determined experimentally to be indistinguishable from noise, on a single 
shot basis. The first four materials listed, coated with different types of paint, exceeded 
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Fig. 3 Two pulse-echo ultrasonic C-scan images of a graphite/epoxy panel 
containing impact damage. The images permit a comparison between 
the results obtained with (a) a piezoelectric detector and (b) the laser 
based ultrasound system. 
the ultrasonic detectability threshold for probe laser angles of incidence in excess of 45" 
indicating that ultrasound may be detected, provided the ultrasonic attenuation of the 
material is not too great. For a graphite/epoxy composite panel coated with a white 
polyurethane paint, a reduction in received optical power of - 10 dB was measured as the 
angle of incidence was changed from 0 to 45" , corresponding to a decrease in ultrasonic 
amplitude of - 20 dB. A peelable retroreflective coating was developed which, optically, 
gave an approximately uniform response over the full angular range. Unfortunately, 
acoustically the coating was lossy and the reflectivity properties of the coating were 
susceptible to damage from the Nd: Y AG laser pulses. However, this coating was useful 
for inspecting curved materials in which, with our present system SNR, ultrasonic detec-
tion was not possible over the fuH angular range. 
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Fig. 4 Angular reflectivity measurements made for a number of specimens 
having different surface textures and coatings applied to the surface. 
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A black graphite/epoxy material was also tested on the tool and bag sides. Nei-
ther side was modified in any way and the surface textures were characterized as a fine-
weave. The reflected optical power from either side decreased below the threshold for 
ultra sound detectability at angles significantly less than 45·. The specular reflection was 
largest from the tool side but that also resulted in the greatest reduction in received 
optical power at off-axis angles. Clearly, to obtain adequate sensitivity for inspection of 
uncoated black composite specimens, an increase in received optical power of 15 to 20 
dB is required. This is feasible with current laser technology. 
To complement the optical data of Fig. 4, ultrasonic waveforms acquired from a 
graphite/epoxy panel (coated with white polyurethane paint) for probe laser angles of 
incidence of 0 and 45" are shown in Fig. 5. As expected from the angular reflectivity 
data, the ultrasonic amplitude was reduced by just over 20 dB. Note that for this speci-
men, the apparent noise evident in Fig. 5 is caused by acoustic reverberations within the 
material, and does not represent the fundamental shot noise limit. These optical and 
ultrasonic results verify the applicability of using LBU for inspection of curved compo-
nents, where the probe laser angle of incidence varies. 
INSPECTION OF CURVED COMPOSITE COMPONENTS 
Preliminary inspections of an integrally stiffened composite part that was coated 
with white polyurethane paint have been performed. Figure 6 shows the experimental 
configuration and ultrasonic waveforms acquired for a linescan inspection of the sidewall 
of the stiffener. The curved nature of the part greatly complicates performing an auto-
mated inspection with conventional squirter type systems. The geometry of the part 
dicta ted that the ultrasonic inspection be performed in reflection mode. The waveforms 
obtained from the linescan indicate large changes in the arrival time of the longitudinal 
wave reflected from the backwall, corresponding to changes in stiffener wall thickness 
from 0.9 mm to 2.7 mm. 
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Fig. 5 Ultrasonic signals illustrating the reduction in SNR obtained when 
the probe laser was incident on a·graphite/epoxy panel (coated with 
white polyurethane paint) at 0 and 45". 
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Fig. 6 Linescan inspection of the sidewall of an integrally stiffened compos-
ite. The delay in the backwall longitudinal pulse arrival time indicates 
changes in stiffener wall thickness of 0.9 mm to 2.7 mm. 
THERMAL DAMAGE IN COMPOSITE MATERIALS 
To generate ultrasound in the nondamaging thermoelastic regime, the LBU 
technique relies on a thermal expansion which takes place at the material surface [1]. 
Unlike conventional ultrasonic techniques, the efficiency of ultrasonic generation with a 
laser depends on the transduction properties of the material as weil as the amount of laser 
energy deposited at the material surface. However, damage in composite materials 
occurs if the incident generation laser (or probe laser) peak power level exceeds the 
thermal damage threshold for the material. The laser damage studies have been sepa-
rated into two regimes, characterized as cosmetic and structural damage. Cosmetic 
damage is defined as surface discoloration within the illuminated region, without any 
degradation of the material integrity. Structural damage is defined as partial or total 
removal of the epoxy layer, resulting in exposure of the underlying fiber matrix and 
possible fiber breakage. Thus a trade-off exists between improving the detectability of 
ultrasonic waves and remaining below the material damage threshold. 
One graphite/epoxy and three bismaleimide (BMI) composite materials have 
been irradiated with Q-switched Nd:Y AG laser pulses of 15 ns duration (full-width-half-
maximum). For each material, 10 samples were irradiated with a single laser pulse with 
energies ranging from 17 mJ to 190 mJ and a laser beam diameter of 4 mm at the sample 
surface. While more sensitive analysis methods are certainly available, microscopy 
techniques were chosen for evaluation of the material surface condition after laser irra-
diation. Figure 7 shows scanning electron micrographs encompassing the surface re-
gions of four BMI composite specimens, which were irradiated with single laser pulses 
having energies of 17, 65, 96 and 132 mJ. Note that the weave pattern in the pho-
tographs is an impression in the resin that remained after a peelply layer was removed 
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after manufacture. The results indicate that at 17 mJ, no visible damage to the composite 
surface had occurred. The black marks at the edges of the photograph are fiducial 
markers which were intentionally applied to the surface to delineate the region of 
illumination. As the laser energy was increased, at - 40 mJ a very faint surface discol-
oration of the resin appeared within the illuminated area. Increasing the laser energy to 
65 mJ increased the visibility of the surface discoloration. As the laser energy was 
increased further, epoxy layer removal occurred exposing the underlying fibers. The 
threshold level for removal of the resin layer was determined to be - 65 mJ for graphite/ 
epoxy and - 95 mJ for two of the BMI specimens. BMI was expected to have a signifi-
cantly higher thermal damage threshold since it is designed for operation at higher 
temperatures. However, the third BMI specimen was damaged at the same level as the 
graphite/epoxy material indicating a large statistical variation present between materials 
of nominally identical composition. 
CONCLUSIONS 
Comparisons between LBU and conventional immersion techniques resulted in 
good agreement for the spatial characteristics of the flaws detected. The SNR of the 
LBU system is less than that of the piezoelectric technique, but sufficient to provide high 
contrast images with the added advantages associated with its noncontacting nature. 
Further investigations, which indicate that substantial increases in SNR may be achieved, 
are in progress. 
Angular reflectivity measurements were made on a number of specimens having 
different surface textures and coatings applied to the surface. For surfaces coated with 
white polyurethane paint the results indicated areduction in ultrasonic SNR of - 20 dB 
when ihe probe laser beam angle of incidence was varied from 0 to ± 45". The LBU 
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Fig. 7 Scanning electron micrographs of four BMI specimens irradiated with 
a 4 mm diameter laser beam with increasing pulse energy. At suffi-
ciently high energies epoxy layer removal occurs, exposing the fiber 
matrix. 
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system was used for ultrasonic wave detection in an integrally stiffened composite with 
the generation and probe laser beams incident on the part surface at off-axis angles of 
± 45". These results confrrmed that LBU can be used for inspection of contoured parts 
where the probe laser angle of incidence is nonzero. In addition, provided that the LBU 
system has sufficient SNR, rapid component inspection may be performed by angularly 
deflecting the laser beams across the part surface. 
Investigations of the maximum incident laser intensity thresholds allowable for 
ultrasonic generation in composite materials in the nondamaging thermoelastic regime 
were performed. No visible damage occurred in BMI composites or graphite/epoxy for 
laser pulse power densities ~ 20 MW/cm2 (40 mJ). Increasing the incident laser pulse 
power density above 20 MW/cm2 (40 mJ) caused surface discoloration within the illumi-
nated region. The threshold for removal of the resin layer was (j: 35 MW/cm2 (65 mJ) 
for one of the BMI specimens and a graphite/epoxy specimen. For the other BMI speci-
mens the threshold for removal of the resin layer was (j: 50 MW /cm2 (> 90 mI) indicat-
ing a 40% variation between materials of norninally identical composition. Every C-scan 
obtained with the laser-based ultrasound system was acquired with incident power 
densities of< 8 MW/cm2 « 15 mJ). These results indicate a safety margin of at least a 
factor of 2 before cosmetic damage occurs and a factor of at least 4 before removal of 
the resin layer. 
ACKNOWLEDGEMENTS 
This work was sponsored in part, by the Center for Advanced Nondestructive 
Evaluation, operated by the Ames Laboratory, USDOE for the Air Force Wright Aero-
nautical LaboratoriesIMaterial Laboratory under contract No. W-7405-ENG-82 with 
Iowa State University. 
REFERENCES 
1. D. A. Hutchins, in Physical Acoustics edited by W. P. Mason and R. N. Thurston 
(Acadernic Press, New York, 1988), Vol. XVIII, p. 21. 
2. I. W. Wagner, in Physical Acoustics edited by W. P. Mason and R. N. Thurston 
(Academic Press, New York, 1990), Vol. XIX, p. 201. 
3. B. R. Tittmann, R. S. Linebarger and R. C. Addison, Ir., in Review of Progress in 
Ouantitative Nondestructive Evaluation, edited by D. O. Thompson and D. E. 
Chimenti (Plenum Press, New York, 1990), Vol. 9A, p. 479. 
4. A. D. W. McKie and R. C. Addison, Ir., in Nondestructive Characterization for 
Advanced Technologies - Paper Summaries, (The American Society for 
Nondestructive Testing, Ohio, 1991), p. 39. 
584 
